The gas-phase decomposition pathways of the tungsten dimethylhydrazido complexes Cl 4 (RCN)W(NNMe 2 ) (1a: R = CH 3 ; 1b: R = Ph), precursors for single source deposition of WN x C y , were investigated using a combination of experiments and calculations. Raman scattering experiments were performed in an impinging-jet, up-flow, aerosol-assisted CVD reactor to identify reaction intermediates.
Introduction
Continual reduction of the average feature size found in integrated circuits and the concomitant changes in via and line resistivity, current density, and RC time delays have driven the gradual replacement of Al-based metallization to that based on Cu given its lower resistivity and higher resistance to electromigration. Use of Cu metallization requires prevention of Cu migration into the underlying Si and SiO 2 , which can produce an increase in contact resistance, leaky pn junctions, variations in the barrier height, and contact layer embrittlement (1, 2). To prevent Cu-Si interaction an amorphous diffusion barrier layer is conformally deposited at a thickness well below the via dimension at low temperature. As these requirements become more demanding, a chemical deposition method will likely be required. WN x C y films grown by both chemical vapor deposition (CVD) (3, 4) and atomic layer deposition (5) have shown promise as a suitable diffusion barrier material. Tungstenbased barriers have demonstrated improved adhesion to Cu and ease of chemical mechanical planarization process compared to TaN x . We recently reported the preparation of the diorganohydrazido(2-) tungsten complexes Cl 4 (CH 3 CN)W(NNR 2 ) (R 2 = Me 2 , Ph 2 , and -(CH 2 ) 5 -) and Cl 4 (pyridine)W(NNPh 2 ) (6) as precursors for the CVD of WN x C y films for use as Cu diffusion barriers (7, 8) .
To probe the mechanism of precursor decomposition under deposition conditions, the gas-phase decomposition kinetics of the hydrazido complex Cl 4 (CH 3 CN)W(NNMe 2 ) (1a) were investigated by in situ Raman spectroscopy in a vertical up-flow, cold-wall CVD reactor. Comparison of the experimental results with literature data and DFT calculations was used for assignment of the observed Raman bands and evaluation of likely decomposition pathways.
Experimental and Theoretical Methods
The homogeneous thermal decomposition of the tungsten dimethylhydrazido complex 1a and its benzonitrile derivative Cl 4 (PhCN)W(NNMe 2 ) (1b) was studied in a CVD reactor (Figure 1 ). The reactor is interfaced with an in situ Raman spectrometer (Ramanor U-1000, Jobin Yvon), which includes a double additive monochromator and uses the 532.08 nm line of Nd:YAG solid-state laser as the light source. The Raman system was calibrated against the 546.07 nm emission line of mercury. As described elsewhere (9) , this up-flow, impinging-jet CVD reactor was designed to produce a stable 2-D flow pattern while isolating the reactants from the reactor walls to prevent parasitic reactions. Since the entire CVD reactor chamber assembly could be translated in the x-y-z directions, gas-phase composition and temperature profiles could be measured inside the reactor to study the gas phase decomposition kinetics of complex 1a. The three concentric inlet tubes are packed with 3 mm glass beads to supply an equal velocity and uniform-flow inlet boundary condition.
A solution of complex 1a (vide infra) is introduced through a center line and pure N 2 carrier gas envelops the metal-organic compound to minimize wall deposition of the precursor or reaction products. Based on a previous study (10) that validated a steady-state, two-dimensional mass transport model and included a CH 4 tracer experiment, there are no unanticipated recirculation flow patterns in the reactor.
Aerosol-assisted CVD (AACVD) was carried out for the Raman experiment with 1a because this complex has low volatility (11) . Solid 1a was dissolved in benzonitrile (PhCN, 0.0174 mol/L), which generates a mixture of 1a and 1b in solution. The solution is then pumped into a nebulizer from a syringe. A piezoelectric material in the nebulizer vibrates at a frequency of 1.44 MHz, which generates an aerosol of precursor 1a/1b (hereafter referred to as "1a") and benzonitrile. The aerosol is introduced into the reactor with N 2 (99.999 %, Airgas) carrier at a flow rate of 2.5 cm/s, which transported the mixture of 1a and solvent that was injected at a rate of 1.0 mL/h. For the concentric annulus and sweep flows, pure N 2 gas was delivered with the same flow velocity (2.5 cm/s) and sufficient gas flow time was allowed for the reactor to reach steady state before measurements were made. A 3 W Nd:YAG solid-state laser line (532.08 nm) was used to excite the mixture of 1a, benzonitrile, and N 2 while vibrational Raman excitation lines were recorded. In addition to the bands for gas phase benzonitrile, several other bands were observed.
To assist in the assignment of these additional Raman bands as well as to assess possible reaction pathways, DFT calculations were performed using the Gaussian 03 program suite (12) . For all bond dissociation, recombination, activation energy, thermodynamic properties, and frequency calculations, the spin polarized hybrid density functional B3LYP was combined with the LanL2DZ basis set for all elements. Crystallographic structure data (6) of complex 1a collected at 173 K were used to obtain the starting geometry for calculations.
NMR kinetic studies of the dissociation of acetonitrile from 1a were conducted on a Varian Inova at 500 MHz. Compound 1a along with a molar equivalent of acetonitrile was dissolved in toluene-d 8 . The 1 H spectrum displayed signals for 1a at 0.53 ppm and acetonitrile at 0.83 ppm with a ratio of 1:2.09. The exchange was monitored in the temperature range 50 to 84 °C.
Results and Discussion

Kinetics of Acetonitrile Dissociation from 1a
The exchange rate k was determined by line shape analysis in the temperature interval 50 to 84 °C. A plot of ln(k/T) vs. 1/T ( Figure 2 ) afforded an activation enthalpy of Based on these results it can be assumed that benzonitrile solutions of 1a have been converted almost completely to 1b by exchange of the acetonitrile ligand with solvent before the solution is introduced into the CVD reactor. Thus complex 1b can be considered as the predominant precursor species during deposition of WN x C y from solutions made from 1a.
DFT Calculations
Optimized bond lengths and angles for 1a (B3LYP/LanL2DZ) are listed in Table I for comparison with experimental data (6), previous calculations using a split valence basis set (13) , and calculated results in this study. The comparison presented in Table I indicates Dimethylaminyl radical (3) (15-17) and 1,1-dimethyldiazene (5) have been previously generated by other methods and their reactions have been reported. Dimerization of 1,1-alkyldiazenes is known to form tetrazene derivatives, which in the case of 5 would afford tetramethyl-2-tetrazene (7). Since decomposition of 7 affords two equivalents of dimethylamino radical 3 (Scheme 2), the critical reactive intermediate from cleavage of either the W-N1 or N1-N2 bond of 2 (Scheme 1) will be 3. radicals can yield methylmethyleneimine (8) and dimethylamine (9) (18) (19) (20) or tetramethylhydrazine (7) by disproportionation or recombination, respectively (16, 21) (Scheme 3, path a). Since bimolecular reactions of radicals have low activation energies, products of recombination and disproportion are expected to be formed in comparable quantities (22) . In addition to these reactions, dimethylaminyl radical undergoes dissociation into methylnitrene and methyl radical (Scheme 3, path b). Subsequent hydrogen shift in methylnitrene affords methyleneimine (23) (24) (25) (Scheme 3, path c) . 
In situ Raman Experiments
To investigate the thermal decomposition of hydrazido complex 1a, in situ Raman experiments were performed using a susceptor set point temperature of 850 °C. Figure 5 shows the observed Raman bands. For the results shown in panel A, each spectrum was deconvoluted using LabSpec v1.2 (26) . Measurements on neat benzonitrile provided frequency values for C-H in plane bending coupled with C-CN stretching (1182 cm -1 ) and the C-H in plane bending (1198 cm -1 ) modes in this region. Other modes detected in this region include C-H in plane bending, W-N1 and W-N3 stretching with C-N-C torsion (1193 cm -1 ), C-CN stretching for complex 1b (1178 cm -1 ), and W≡N1 stretching with methyl scissoring for complex 2 (1189 cm -1 ), with the assignments based on DFT calculations. From the peak deconvolution results, concentration profiles were obtained as shown in Figure 6 . different excited energy states, these two vibrations can be extracted from the spectra in panel D by comparing with the gas-phase data from authentic benzonitrile. Peak deconvolution results show six components: four peaks for the N 2 vibrational mode and two for C≡N stretching as shown in Figure 7A . As shown in Figure 7B -a, the periodic N 2 vibrational spectrum is evident at 2220, 2229, 2237, 2246 cm -1 and two additional C≡N stretching frequencies are detected at 2238 and 2242 cm -1 as shown in Figure 7B -b,c, and d. These last two frequencies lie in the reported ranges for ν CN of benzonitrile as observed in gas-phase Raman experiments (27) (28) (29) and the origin of the second band under our experimental conditions is not yet understood. 
Comparison of Experimental Results with DFT Calculations
Since the solvent evaporates before it reaches first detection region under deposition conditions in the aerosol-assisted CVD process, the entire volume of the CVD reactor is regarded as homogeneous gas-phase and solvation effects are ignored. In addition, since no displacement of the spectral positions of the strongest phenyl ring breathing mode through the whole centerline was detected, the assumption of homogeneous gas-phase reaction in the whole CVD reactor can be substantiated.
The calculated vibrational frequencies can be correlated to products postulated in the proposed decomposition mechanisms (Schemes 1 and 3a) . Calculated and corrected Raman active stretching frequencies with experimental values for all compounds including the gas-phase authentic sample of benzonitrile are tabulated in Table III . Assignments for 9 of the observed bands attributed to benzonitrile (462, 762, 1003, 1181.5, 1198, 2238, 3077, 3128, 3175 cm -1 ) were derived from gas phase benzonitrile Raman spectra and deconvolution data as well as DFT calculations. The reported Raman bands of 1240 and 3377 cm -1 of gas-phase dimethylamine (30) and DFT results were used for assigning 1247 and 3377 cm -1 to the CH 3 rocking and N-H stretching motions in dimethylamine, respectively. In addition, 1638 cm -1 was assigned to C=N stretching of methylmethyleneimine (8) . This assignment is supported by IR data (21) and the Raman characteristic group frequency (31) . Given that dimethylamine (9) and imine 8 would ultimately result from homolysis of the N1-N2 bond followed by disproportionation of radical 3, observation of these products is consistent with N1-N2 cleavage. The possibility of W-N1 dissociation, however, cannot be excluded since this reaction can produce the same radical intermediate (3) through tetramethyltetrazene formation (Scheme 3).
The peak at 3426 cm -1 is tentatively assigned to the N-H stretching mode of HNWCl 4 (14) based on the predicted gas phase reaction chemistry and the experimentally observed N-H vibrational frequencies of W(VI) model compounds with imido (NH) and amido (NH 2 ) ligands (32) . The N-N cleavage reaction (Scheme 1) would produce the nitrogen-centered radical •NWCl 4 (4) as the inorganic product. Subsequent abstraction of a hydrogen atom by 4 would afford the W(VI) parent imido complex 14. The N sp -H bond of 14 would be expected to have a high bond dissociation energy, making hydrogen abstraction from several species in the reactor energetically favorable (33) . , 28 (15) 15-26 (2010) 
ECS Transactions
Conclusion
Using Raman spectroscopy and DFT calculations at the B3LYP/LanL2DZ level of theory, the decomposition pathway of the dimethylhydrazido tungsten complex (RCN)Cl 4 W(NNMe 2 ) (1a) was investigated. In a custom up-flow, cold-wall aerosolassisted CVD reactor, identifiable Raman shifts for the starting material and intermediates were detected and these frequencies were assigned using gas-phase DFT calculations and literature data. Peaks consistent with methylmethyleneimine (8), dimethylamine (9) , and HNWCl 4 (14) were observed in the Raman experiments, consistent with proposed decomposition pathways for 1a.
